The interlayer transmission rates of the side contacted parallel armchair nanotubes are calculated by the perturbative calculations with the π orbital tight binding model. One of the nanotubes encapsulates dopants and touches another undoped nanotube. The effect of the dopants is represented by ε that is the difference between the two nanotubes in the site energy. In the isolated armchair nanotube, the wave functions are either symmetric (+) or anti-symmetric (−) with respect to the mirror plane. The Landauer's formula conductance is represented by (2e 2 /h)(T+,+ + T−,− + T−,+ + T+,−) with the transmission rate T σ ′ ,σ from the left nanotube σ state to the right nanotube σ ′ state. When the mirror planes of the two nanotubes do not coincide with each other, the off-diagonal T∓,± is non-zero. The off-diagonal T∓,± and diagonal T±,± are proportional to the (E − ε 2 ) −2 sin 2 [C(E − ε 2 )] and sin 2 [C(E − ε 2 ) + ϕ], respectively, where C and ϕ do not depend on the Fermi level E. Among the energy peaks of the former, that at E = ε 2 is much higher than the others . In other words, the former has a quasi-single peak at E = ε 2 . The heights of the periodic energy peaks of T±,± are reduced by increasing |ε|, while that of the quasi-single peak of T∓,± does not depend on ε. Thus the quasi-single peak of T+,− + T−,+ is dominant over the periodic peaks of T+,+ + T−,− in the conductance when |ε| is large enough.
I. INTRODUCTION
A large variety of quantum dots (QDs) are formed in the GaAs/AlGaAs heterostructure, 1 carbon nanotubes (NT) 2 and graphenes. 3 A typical characteristic of the QD is the oscillation of the conductance as a function of the Fermi level E or the gate voltage V g , where E is controlled by V g . When E approaches one of the resonant levels {E 1 , E 2 , · · ·}, the resonant tunneling occurs. In case the energy broadening of each level is much smaller than the level spacing, the QD works as an electric switch that is turned on at the resonant levels. The geometry of the QDs in the GaAs/AlGaAs heterostructure has to be controlled by the extrinsic lithographic pattern of the attached electrodes. On the other hand, the NT and graphene have their own shapes. Those of the NTs are determined by the chiral vector (n 1 , n 2 ) and the axial length. The resonant level spacing of the metallic NT is inversely proportional to the axial length. 4 The conductance of the (n 1 , n 2 ) NT is governed by whether n 1 −n 2 is a multiple of three or not. The solution-sorting methods developed recently enable us to separate single chirality NTs. 5 Compared to the NTs, the influence of the edges is more crucial in the graphene. The localized states specific to the zigzag edge have been investigated by the tight binding (TB) model and the gauge field theory. 6, 7 The energy gap of the armchair graphene ribbon is sensitive to the ribbon width. 8 Though the zigzag graphene ribbon has zero energy gap irrespective of the ribbon width, the dependence of the conductance on the ribbon length is qualitatively changed by the ribbon width. 9 In the general graphene ribbon, the zigzag and armchair edges coexist and various band structures emerge. 10 These results indicate that the control of the edge and width of the graphene ribbon is crucial. Compared to the control of the NT chiral vector, however, that is difficult in the present technology.
In the two NTs contacted with the van der Waals force, the overlap region can be considered a NT QD. The modes of the contacts are classified into the telescoped (t-), parallel side contacted (ps-) and crossing side contacted (cs-) NTs. The inter-tube motions of t-NTs have been investigated experimentally 11 and theoretically. 12 The interlayer conductance of the t-NTs bridging a nano gap between a fixed electrode and a piezo driven electrode has been measured. 13 Compared to the t-NTs and ps-NTs, the cs-NTs are more suitable for the multiterminal junctions. The interlayer interactions are classified into the Coulomb interaction and π orbital overlap. The former causes the interwall screening 14 while the latter is relevant to the interlayer conductance and is represented by interlayer transfer integrals of the TB model. Various theoretical results of the Landauer's formula 15 have been reported about the cs-NTs, 16 t-NTs, [17] [18] [19] [20] and ps-NTs. 21, 22 Comparisons between the t-NTs and ps-NTs were also reported. 23, 24 When the interlayer configuration is incommensurate, the conductance of the t-NTs is much smaller than the metallic NT. 18 Contrary to it, the incommensurate double walled NTs can be metallic. 25 The current in the former case is forced to flow between the interlayer region and thus it is remarkably suppressed compared to the latte case. In Ref. 24 , t-NTs and ps-NTs of armchar nanotubes (ANTs) are discussed. The AB stacking contact is the most stable in the ps-ANTs. 26 The wave function of the isolated ANT is classified into the symmetric (+) and anti-symmetric (−) states with respect to the mirror plane including the tube axis. With the interlayer transmission rate T σ ′ ,σ of which σ ′ (σ) indicates the symmetry in the right (left) ANT, the Landauer's formula conductance is represented by (2e 2 /h)(T +,+ + T −,− + T +,− + T −,+ ). In case of the AB stacking, the resonant levels of the diagonal T σ,σ are represented by E m = πat(3m + σl)/(2 √ 3L) where m is an integer, −t is the intralayer transfer integral between the nearest neighbors, L is the overlap length, a is the lattice constant, 2L/a is limited to integers and l = mod(2L/a, 3) = 0, 1, 2. The dependence of E m on l originates from the wave number at the K and K' points in the same way as the mod(n 1 − n 2 , 3) rule of the NT. The susceptance of the ANT is also sensitive to l. 27 In the case of the t-ANTs, the off-diagonal terms T −σ,σ are negligible compared to the diagonal T σ,σ . 19 In the case of the ps-ANTs, however, T −σ,σ is comparable to T σ,σ and is proportional to E −2 sin 2 2LE/( √ 3ta) , that is the square of cardinal sine (sinc) of the argument E. Because the first peak at E = 0 is about 21 times as high as the second peak at E = ±2.25a √ 3t/L, the square of the sinc function has a quasi-single energy peak. The singleness of the T −σ,σ peak exhibits a striking contrast to plurality of the resonant peaks of T σ,σ . Nevertheless the diagonal terms T σ,σ remain comparable to the off-diagonal T −σ,σ and thus the single peak is buried in the multiple peaks of T σ,σ . Reference 19 also shows that the site energy difference ε between the two ANTs reduces the diagonal terms T σ,σ of the t-ANTs. The difference ε can be induced by the chemical doping. In the ps-ANTs of which only one of the ANTs encapsulates dopants, ε can be increased. The potassium encapsulation of the single wall NTs induces a shift about 0.5 eV. 28 It inspires us with the idea that the quasi-single peak of T +,− +T −,+ is dominant over the multiple peaks of T +,+ + T −,− in the conductance of the ps-ANTs with non-zero ε. In the present paper, we look at the idea with the perturbative method developed in Ref. 24 .
II. GEOMETRICAL STRUCTURE AND TIGHT BINDING MODEL
As is shown by Fig. 1 (a) , the atomic z coordinates in tubes ↓ and ↑ are aj/2 and aj/2 + ∆z, respectively, with integers j, the lattice constant a = 0.246 nm and a small translation |∆z| < a/4. In the overlap region D, 0 ≤ j ≤ N − 2 and ∆z ≤ z ≤ ( N 2 − 1)a.
The atomic y coordinates of tube ξ(=↓, ↑) are represented by R ξ sin θ ξ j,i with the tube radius R ξ = √ 3a 2π n ξ . The angles θ ↓ j,i = χj,i n ↓ and θ ↑ j,i = χj,i n ↑ − 2π 3n ↑ + ∆θ are measured in the opposite direction with positive integers i, χ j,i ≡ π(i − (−1) i 6 − (−1) j 2 ) and a small rotation |∆θ| < π/n ↑ . Thus the atomic x coordinates are R ↓ cos θ ↓ j,i for tube ↓, and D + R ↑ + R ↓ − R ↑ cos θ ↑ j,i for tube ↑ with the interlayer distance D = 0.31 nm. For example, Fig. 1 (b) shows the interlayer configuration in case n ↑ = 2n ↓ and (∆θ, ∆z) = (0, 0). The interlayer configuration is similar to the AB stacking when ∆z = 0 and ∆θ = 0, −π/(3n ↑ ).
The tight binding (TB) Hamiltonian is defined in the same way as Ref. 24 . The TB equations in region
with the Hamiltonian matrix
The first and second terms of Eq.
(2) are intralayer H equal zero. The element of W (j,∆j) becomes non-zero only when the atomic distance r is shorter than 0.39 nm. The non-zero element is defined by t 1 exp[(d − r)/L c ] cos(θ ↓ + θ ↑ ) with parameters t 1 = 0.36 eV, d = 0.334 nm and L c = 0.045 nm. 29 The exact numerical calculation is performed in the same way as Ref. 24 . The same TB Hamiltonian is applied to both the exact numerical and the approximate analytical calculations.
The energies with a wave number k of the periodic system of which the unit cell is the same as region D are the eigen values of the matrix H(k) = H 0 (k) + V (k) with the notation
where ♠ = H, H 0 , V and ♦ = ♠ (1,1) + e −ika ♠ (1,−1) . The eigen values and eigen vectors of H 0 (k) are represented by
and
respectively, where δ ↑,↑ = 1, δ ↓,↑ = 0,
with σ being + (−) for the symmetric (antisymmetric) states. The auxiliary index ζ = ± in Eq. (5) indicates that k ≃ ζ2π/(3a). We introduce the factor (−1) in the lower part of Eq. (5) in order to limit the range of k to the Brillouin zone |k| < π/a. The wave number k satisfying Eq. (4) with the positive velocity dE/dk > 0 is approximated by
when k is close to ±2π/(3a).
As we consider V (k) to be the perturbation, Eqs. (4) and (5) represent the zero'th order states. Equation (7) is the same notation as Ref. 24 . The factor √ 2 in Eq.
In contrast to the case of Ref. 24 , the linear bands k σ,↑ and k σ,↓ are not degenerate and the first order shift of the energy t ( b
σ,ξ equals zero. The first order shift b [1] in the wave function is represented by 
where
The relation between w σ ′ ,σ and W is the same as Ref. 24 . Figure 2 is a schematic diagram of Eq. (8) in case k ≃ 2π/(3a) and helps us to derive Eqs. (9) and (10). The Fermi level E is indicated by the dashed horizontal line. The approximate eigen vectors b [0],(+) + b [1] ,(+) up to the first order are calculated along the corresponding dotted vertical lines that indicate the Fermi wave numbers −k +,ξ and k −,ξ . The four closed symbols on the dashed horizontal line correspond to the unperturbed wave function b [0],(+) at the energy E while the first order shift b [1] ,(+) is the linear combination of the states indicated by the open symbols. For example, the closed diamond corresponds to b
III. PERTURBATIVE APPROXIMATE CALCULATIONS
When we neglect modes other than the b [0] + b [1] states defined by Eqs. (5), (9) and (10), the solution of Eq.
(1) can be approximated by the repetition of the reduced vector c
The sign s = ± indicates the direction of the propagation. The matrix U
[n] D denotes the n'th order term for c
where d
does not depend on the sign ζ and is defined by Eq. (6) 
in Eqs. (9) and (10), we also obtain d
Replacing U [1] D with zero in Eq. (13), we obtain
for region L (j ≤ −1),
Equations (17), (18) and (13) enable us to transform the boundary conditions 
with the notation −L =R and −R =L. In the derivation of Eq. (21), E/t and ε/t are neglected and Ξ is replaced by
The results of the perturbative calculation on the S ma-
The derivation of Eqs. (23) and (24) is shown in Appendix. Equations (23) and (24) satisfy the time reversal symmetry t S µ = S µ , while the unitarity S * µ S µ = 1 6 holds up to the first order. Here 1 n denotes the unit matrix of n dimension. The transmission rate block in the S matrix of the double junction L-D-R corresponding to incidence from region L is represented by
where S µ matrixes in Eqs. (23) and (24) are partitioned as
In the formula up to the first order,
The first (second) row and column of Eq. (28) 
for the diagonal transmission (τ = +) and
being the energy measured from the cross point between the E In this section, we neglect the off-diagonal elements 2w ±,∓ . In this case, the eigen value equation
σ,σ and E σ,↓ is determined by Eq. (4). We derive the dispersion relation
from Eq. (32) where m = 1, 2 and
Whereas the first order shift of the energy is zero in Sec. III, Eq. (33) depends on the interlayer element 2w σ,σ .
Here neglect of the off-diagonal w ∓,± is the tradeoff for the non-zero energy shift caused by w σ,σ . The wave function of region D is represented by
and (Ξ σ ) m,m ′ = −δ m,m ′ exp(ik m a/2). In the following, we use abbreviations
By the replacement U (21), we can obtain
where E/t and Γ σ /t are approximated by zero. Without the perturbation expansion, we can easily calculate
Replacing c σ and s σ by s σ and −c σ , respectively, we also obtain X σ,R and S σ,R . Using Eqs. (37) , (39) and S σ,R in Eq. (26), we can derive
Equations (30) and (41) (1 − x) . In that sense, Eq. (40) is a generalized formula of Eq. (30) . As |w σ,σ /ε| decreases, Eq. (40) approaches Eq. (30) . On the other hand, generalization of Eq. (31) is more difficult and we have to leave it for a future study. Since Eq. (40) is derived on condition that w −σ,σ = 0, its validity becomes unclear when w −σ,σ is comparable to w σ,σ . In contrast to Eq. (30), however, Eq. (40) is always lower than unity as the transmission rate should be. Furthermore Eq. (40) coincides with the pertuabation formula of Ref. 24 when ε = 0. Thus Eq. (40) can be considered as an interpolation between Eq. (30) and the formula of Ref. 24 .
V. RESULTS AND DISCUSSIONS
The system n ↓ = 5, n ↑ = 10 is considered as a typical example. Firstly we discuss the AB stacking configuration (∆θ, ∆z) = (0, 0). When ∆z = 0, Eq. (11) is real and thus φ σ ′ ,σ = 0, π. The effect of non-zero ∆θ, ∆z will be shown latter. As is shown in Fig. 1 , the geometrical overlap length equals (N − 2) in the unit of a/2 while the overlap length in the analytical formulas (30) , (31) and (40) is equal to N . The difference between the two kinds of the overlap lengths comes from the two margins at j = −1, N − 1. For the relation between the overlap length and the integer N , we should refer to the TB model of (N − 1) atoms aligned at z = jb (j = 0, 1, 2, · · · , N − 2) with a constant tranfer inetgral Figure 3 shows T −,− as a function of N for the energy E = 0.15 eV. The solid and dashed lines display the exact results and appriximate formula (40), respectively, for five values of ε = 0.07i eV (i = 0, 1, 2, 3, 4) . The line attached by the number 7i corresponds to the 0.07i eV. The residue l with respect to N is defined by l = N − 3m with the integer m under the condition |l| ≤ 1. In each panel of Fig. 3, N = 3m+l of which m is varied while the residue l is fixed to 0, 1 and −1 in the upper, middle and lower panels, respectively. Classifying the data according to the residue l in this way, we can remove the rapid oscillation with the period ∆N = 3. The zero points of Eq. (40) are represented by N = (6m − 3 − 2l)λ E /6 and N = mλ Γ with λ E = π √ 3t/ E, λ Γ = 2π √ 3t/Γ and integers m. Accordingly the nodes of the dashed lines in Fig. 3 are identified as those in Table I . When ε = 0.14 eV, all the lines approach zero at N = 200 corresponding to the node λ Γ = 201. When ε = 0.14 eV and l = −1, the nodes λ Γ = 201 and 5λ E /6 = 156 are close to each other, thus T −,− is remarkably suppressed between the nodes 156 < N < 201 in the bottommost panel. The topmost panel also shows the similar suppresion between the nodes λ Γ = 139 and λ E /2 = 166 when ε = 0.21 eV. We cannot discern the nodes N = 16.6, 21.7 and 31.2 in the middle panel, whereas they cause the apparent depletion of T −,− in the region N < 30 compared to the other panels. The approximate formula (40) reproduces the suppression of the exact T −,− by the increase of ε. The supressed T −,− of ε = 0.21, 0.28 eV in the middel panel is magnified in the inset. The lines with circles correspond to case ε = 0.21 eV. Though Eq. (40) overestimates (underestimates) T −,− when ε = 0.21 eV and N > 50 (ε = 0.28 eV and N > 100), the dashed and solid lines share the important characteristic that they are remarkably smaller than those for ε = 0.14, 0.07, 0 eV. In the dashed lines of the inset, we can identify the nodes λ Γ = 139, but the nodes λ Γ = 105 and λE 6 = 55.4 are very shallow. The latter shallows bear a close similarity to the above-mentioned nodes N = 16.6, 21.7 and 31.2. Overall agreement between the dashed and solid lines is farily good. Although Eq. (40) Fig. 3 . They are 1 2 λE, 3 2 λE (l = 0), 1 6 λE, 7 6 λE (l = 1), 5 6 λE, 11 6 λE (l = −1) and λΓ. The nodes outside the region 0 < N < 200 are indicated by * except λΓ = 201.
Equation (40) is effective not only in the ps-ANTs but also in the t-ANTs. In this paragraph, we concentrate our discussion into the diagonal transmission rate T σ,σ of the t-ANTs. In Ref. 19 , Author considered the averaged transmission rate T (N ) = 1 3 (T (N −2)+T (N )+T (N +2)) in order to remove the rapid oscillations and derived
When |ε| ≫ 8|w σ,σ |, on the other hand, Y σ ≪ 1 and Eq. (40) is close to Y σ . In that case, the averaged transmission rate Y σ with the approximation cos 2 (η
) is twice as large as Eq. (42). In this way, the multiple reflection ignored in Ref. 19 doubles T σ,σ when T σ,σ ≪ 1. In the results displayed in Ref. 19 , we are aware that Eq. (42) is only half of the exact averaged transmission rate when T σ,σ ≪ 1. The factor two in the formula Y σ ≃ T σ,σ (Ref. 19 ) × 2 has corrected this disagreement. 31 In order to satisfy the condition T −σ,σ ≫ T σ,σ for the quasi-single peak, |ε| has to be large enough to suppress T σ,σ . In the following, we set ε at 0.3 eV. Under the conditions |ε|, | E| ≪ √ 3t and ∆z = 0, Eqs. (30) and (31) approximately satisfy the relations
where N E and N w are related to N as (N, N E , N w ) = (3m + l, 3m − σ ′ σl, 3m − l) with integers m and residues l = 0, ±1. Equation (40) (29) . On the other hand, Eq. (44) originates from the first order shift of the wave function being proportional to w σ ′ ,σ as is shown by Eqs. (9) and (10). Thus increase of |w σ,σ | weakens effectiveness of Eq. (44) for Eq. (40). In the following, however, we discuss the results for ε = 0.3 eV being much larger than 4|w σ,σ |. In that case, difference between Eqs. (40) and (30) is so small that Eq. (40) also approximately satisfies Eq. (44).
Equations (31) and (40) in case l = 1 are exhibited in Fig. 4 with the range N = 4, 7, 10, · · · , 100 and |E| < 0.3 eV. The diagonal (40) reaches a local maximum when N ≃ λ Γ (m − 1 2 ) and E = ε 2 + π √ 3 m ′ + σ 3 l /N with integers m and m ′ . As for the local maximums i ∼ iv in Fig.  4 , m ′ = 0, −1 and N ≃ λ Γ /2. On the other hand, the local maximums v and vi are those of the off-diagonal (31) that appear when E = ε/2 and q tan(q − π 3 σl) = 1 with the notation q = εN/(2 √ 3t). Figure 5 displays the exact numerical data corresponding to Fig. 4 . We are satisfied by the agreement between Fig. 4 and Fig. 5 when we remember that there is no fitting parameter in Eqs. (31) and (40). As the parameters w σ ′ ,σ , that is shown in Table II , are determined uniquely by Eq. (11) with the interlayer transfer integrals W , we cannot modify w σ ′ ,σ in order to improve the agreement. For the quantitative comparison between Fig. 4 and Fig. 5 , numerical values of (N, E, T ) at the local maximums are shown in Table  III . Discrete energies i meV with integers i are searched for the local maximums in Fig. 5 . Difference between Fig. 4 and Fig. 5 in Table III is satisfactorily small, though it gradually enlarges as |E| increases. The positive (negative) E suppresses (enhances) the exact T in comparison to Eqs. (31) and (40). Figure 6 is the same exact calculations as in Fig. 5 except the residue l = −1. The analytical results corresponding to Fig. 6 can be found in Fig. 4 with the transformation (44) . According to Eq. (44), Fig. 4 and is shown in the rightmost column of Table III . It coincides well with T σ ′ ,σ of Fig. 6 . Since E(ii) + E(iv) = ε, Eq. (43) can be applied to ii and iv. It follows that T ( ii, Fig. 5 ) ≃ T ( iv, Fig. 6 ) and T ( ii, Fig. 6 ) ≃ T ( iv, Fig. 5 ). Figures 7 and 8 are the approximate and exact calculations as in Fig. 4 and Fig.  5 , respectively, in case l = 0. When l = 0, N w = N and T ∓,− = T ±,+ (w ∓,− /w ±,+ ) 2 in Eq. (44). It follows that the surfaces (N, E, T ∓,− ) have the same shape as (N, E, T ±,+ ) in Eqs. (31) and (40) , thus we show only T ±,+ in Fig. 7 . Figure 8 also shows that T ±,+ and T ∓,− are similar in shape. Table IV shows a comparison between Figs. 7 and 8 in the same way as Table III . There are eight local maximums labeled by •i ∼ •iv, (• = △, ✷) in Fig. 8 . In comparison to •iii, the peak •iv is very low and cannot be visible in Figs. 7 and 8 . The local maximums △i ∼ △iv in Fig. 8 are reproduced properly in Fig.  7 . The heights of △ peaks of Fig. 7 are transformed into the ✷ peaks by Eq. (44) in the rightmost column of Table  IV . Overall, the transformed values appropriately reproduce the ✷ peaks in Fig. 8 [meV] in case (n ↓ , n ↑ ) = (5, 10) and (∆θ, ∆z) = (0, 0). Fig. 4 . Fig. 7 . The exact dispersion relation near the corner point k = 2π 3a is displayed in Fig. 9 for the discrete energies 0.101, 0.103, · · · , 0.199 with the constant interval 0.002 eV. In contrast to the approximate dispersion relation in Fig. 2 , the energy gap appears near the cross point at E = ε/2 = 0.15 eV, or equivalently, E = 0. In the energy gap, propagating waves with the wave number (8) are replaced by the evanescent waves. Accordingly the phase factor e ika is replaced by e (ik±κ)a with a positive κ in the exact calculation. The dacay factors e −κa are displayed by the horizontal axes with the vertical axis E in the inset of Fig. 9 . The long decay lengthes 1/κ suggest the persistence of the propagating characteristic that enables Eqs. (31) and (40) remain effective in the gap. This slow decay has been reported in Ref. 22 . The evanescent waves are also important in the transmission through a boundary between monolayer and bilayer graphene. 32 Figures  10 and 11 show (a) T σ,σ and (b) T −σ,σ as a function of N at the center of the gap E = ε/2. Black and grey lines correspond to σ = + and σ = −, respectively. As for the residue l, l = 1 in Fig. 10 and l = 0 in Fig. 11 . In the same way as Fig. 3 , the solid lines correspond to the exact numerical output while the approximate results (31) and (40) Fig. 11 . Agreement between the solid and dashed lines is satisfying in the range N < 50. In wider range of N , the solid and dashed lines do not necessarily coincide with each other, while the periods of the solid lines excellently coincide with that of the dashed lines 2 √ 3tπ/ε = 100. Though the ratio of the (i+1)'th peak height P i+1 to P i in the solid line fluctuates with i, P i+1 /P i approaches e −κ100a ≃ (0.992) 100 = 0.45 as i increases. The 5th and 6th peaks are indicated by arrows in Figs. 11 and 12 . The ratio P 6 /P 5 is close to 0.45 as can be seen in Table V . It comes from the decay characteristic in the region N > 400. On the other hand, P i+1 /P i deviates from from 0.45 when i < 5 because the quasi-propagating characteristic is dominant in the small N .
As examples of the influence of ∆θ and ∆z, Fig.  12 shows the Landauer's formula conductance G = (2e 2 /h) σ,σ ′ T σ ′ ,σ as a function of the energy E in case (∆θ, ∆z) = (0, ±a/20), (−π/50, 0), (π/30, 0), N = 101, 102, 103. The black and gray lines correspond to ∆θ = 0 and ∆z = 0, respectively. The dashed lines are derived from Eqs. (31) and (40), while the solid lines indicate the exact results. Though w σ ′ ,σ depends on (∆θ, ∆z) and becomes different from that of Table II , the condition |w σ ′ ,σ | ≪ |ε| is still valid. Thus the off-diagonal terms T +,− , T −,+ remain dominant and form the sinc function peaks with the center E = ε/2. When the ∆θ = −π/30, the mirror planes of the two tubes coincide with each other and thus w +,− = w −,+ = 0. It explains why the conductance of ∆θ = −π/50 is remarkably smaller than the other ∆θ in Fig. 12 . The agreement between the solid and dashed lines is fairly good when ∆θ = −π/50. In the other cases, however, the dashed lines show overestimated values of G. Nevertheless we confirm that the sinc function peak is not limited to the AB stacking (∆θ, ∆z) = (0, 0). Unless ∆θ is so close to −π/(3n ↑ ) , the sinc function peak survives. Furthermore we are aware that the dependence of G on ∆z is qualitatively reproduced by the dashed lines. When N = 101 (N = 103), G(∆z = a/20) is smaller (larger) than G( ∆ z = −a/20). On the other hand, G is insensitive to ∆z when N = 102. So far as the black lines, the absolute values |w −σ,σ | are almost the same as that of Table II , while small change of the phase φ −σ,σ is the origin of the effect of ∆z. The differential
where we use the conditions |φ −σ,σ | ≪ 1, 2 √ 3t/ε ≃ 100/π and N ≃ 100. Thus the relation between the change of G and that of φ is approximated by ∆G ≃ σ C σ sin(2πσN/3)∆φ −σ,σ . This formula explains the dependence of the black dotted lines on ∆z. Among the position, width and height of the sinc function peak, only the height is influenced by the shift (∆θ, ∆z). We can detect (∆θ, ∆z) by the measurement of the height.
Equations (31) and (40) are effective in the energy region |E| < πt/n ↓ , |E − ε| < πt/n ↑ where the channel number is two in regions L and R. Outside the effective energy region, resonant peaks of the subbands other than the linear bands (8) emerge. It follows that small n ↓ and n ↑ are suitable for the isolation of the sinc function peak. Though the resonant peak at E = ε/2 emerges also in the t-ANTs, it is obscured in the conductance by the large background of T +,+ (not shown in Figures) . The nonzero terms in Eq. (11) are limited to the sites θ i ≃ 0 in the ps-ANTs whearas they are distributed to the all i in the t-ANTs. It follows that w +,+ and T +,+ of the t-ANTs are much larger than those of the ps-ANTs. In order to suppress the background of T +,+ , |ε| must be much larger than w +,+ . When the sinc function level ε/2 escapes from the effective energy region, however, it is buried in the resonant levels of the subbands. Thus the ps-ANTs are more suitable than the t-ANTs for the isolation of the sinc function peak.
We consider the chemical doping as the physical origin of ε. Though the diffrence in the curvature is also considered in Ref. 19 , it causes the shift of the linear bands along the k axis rather than along the E axis and thus it might be irrelevant to the present discussion. 33 The constant ε is assumed in our discussion. This assumption is justified when encapsulated atoms are closely packed and the sum of their potential energies is uniform on the NT layer. For more realistic calculations with the detailed atomic structure, the first principle calculations are necessary. Since the framework of the perturbative calculation is clear-cut without a fitting parameter, we can incorporate it into the first principle calculations. 20 In our discussion, both the temperature T K and the source drain voltage V sd are assumed to be zero. In that case, the energy window of the current shrinks to the Fermi level. When non-zero T K and V sd make the width of the energy window larger than the level spacing E m − E m+1 , the current cannot be switched off by the QD. This leak current can be avoided in the quasi-single peak of the ps-ANTs. In a usual QD with a fixed width, the density of the resonant levels per unit energy increases as the QD becomes long. Singleness of the sinc function peak is exotic compared to this usual case. Author expects that the present results of the ps-ANTs stimulate the exploration for general sinc function peaks.
APPENDIX A: DERIVATION OF EQS. (23) AND (24) The explicit formulas of Eq. (21) are
with the notation
Inverse matrixes of Eqs.(A1) and (A3 ) are represented by
with the Pauli matrix σ z . The following is the perturbation series of S µ = −X −1 µ X * µ up to the first order.
From these equations, we obtain Eqs. (23) and (24). The exact and approximate results are shown by the solid and dashed lines, respectively. Black and grey lines correspond to σ = + and σ = −, respectively. The ratios between the neighboring peak heights indicated by arrows are shown by Table V. FIG. 11. The same as Fig. 11 except l = 0.
FIG.
12. The Landauer's formula conductance G = (2e 2 /h) σ,σ ′ T σ ′ ,σ in case (∆θ, ∆z) = (0, ±a/20), (−π/50, 0), (π/30, 0), N = 101, 102, 103. The black and gray lines correspond to ∆θ = 0 and ∆z = 0, respectively. The dashed lines are derived from Eqs. (31) and (40), while the solid lines indicate the exact results.
